Abstract-In this paper, based on an invited talk at SORMA (May 2016), we present an overview of x-ray sources, detectors and system configurations for non-intrusive inspection (NII) of cargo containers. Our emphasis is on dual-energy x-ray NII for detecting high-atomic-number (Z ≥ 72) materials such as tungsten shielding and special nuclear materials (SNM). Standard single-energy (MeV and above) x-rays needed to penetrate and image cargo provide little SNM contrast, whereas dual-energy x-ray NII is demonstrated as a way to improve the selectivity of materials with Z<72 vs. those with Z ≥ 72. For two possible dual-energy x-ray source technologiespolyenergetic dual-energy (PDE) and quasi-monoenergetic x-ray sources (QMXS)-we investigate their trade-offs and future prospects using experimental and simulated results. The reduced scatter and larger separation of low-and high-energy photons provided by QMXS offers improved high-Z material contrast, but practical considerations such as flux and pulse rate need to be solved before making a deployable system. Straight-ray simulations show factor of four increases in contrast for QMXS over PDE scans of tin (Z=50) and iron (Z=26) relative to a uranium plate (Z=92) behind 20 cm of iron simulated cargo.
I. INTRODUCTION
T HE inspection of standardized 20-and 40-foot cargo containers entering U.S. ports of entry is mandated by the need to detect in-bound illicit materials such as weapons, drugs and explosives as well as special nuclear materials (SNM), "dirty" (i.e., radiological) bombs, heavy-element shielding materials, and chemical and biological agents. The U.S. Customs and Border Protection (CBP) has deployed cargo inspection systems consisting of (primary screening) passive gamma/neutron detection and (secondary screening) high-energy x-ray imaging, often referred to as non-intrusive inspection (NII) [1] - [7] . This paper explores the capabilities of deployed and emerging dual-energy x-ray NII imaging systems for discrimination of SNM and shielding (Z ≥ 72) from legal cargo (Z<72).
Any inspection methodology deployed at ports must fit into the operational environment and not impede the facility goals, which are to move freight rapidly and efficiently [8] . The Domestic Nuclear Detection Office (DNDO) of the Department of Homeland Security (DHS) is developing and testing cargo inspection systems whose goals are to have minimal impact on commerce (<2 minute scan-time per container) while approaching 100% detection of nuclear threats (probability of false negatives <1%) [9] . Other DHS inspection goals are to have a low referral (submit to secondary) fraction (<5%) and a low radiation exposure inside the container (<500 mrem; e.g., in case of stowaways [10] ). These DNDO specifications are for a "primary screening" (for all entering containers) that can trigger a "secondary screening" of a limited number of containers where more time (up to 10 minutes) is allowed.
For x-ray inspection of cargo containers and vehicles to be effective, there must be (1) adequate photon penetration through cargo and vehicles, (2) enough detected x-ray flux to meet speed requirements, (3) sufficiently low dose to cargo to avoid harm to stowaways, (4) good image resolution (e.g., able to detect contraband and SNM threats of ≥ 2 kg), and (5) the ability to distinguish subtle differences in materials (i.e., high contrast). Meeting these criteria generally requires x-ray energies greater than 3 MeV.
In this paper, we study the use of dual-energy x-ray NII for imaging cargo containers for materials with Z ≥ 72 (e.g., SNM). We start in the next section by exploring the problem of detecting SNM in cargo using x-rays, focusing on the x-ray properties of cargo and threat materials, not image quality or human interpretation of x-ray images. In Section III, we survey NII x-ray sources, detectors, and commerciallyavailable x-ray NII systems. Section IV presents results of controlled laboratory experiments with polyenergetic dualenergy scanning of materials. In Section V, we compare two types of x-ray sources, polyenergetic and quasi-monoenergetic, in which the latter may lead to future improved x-ray NII of cargo. Finally, we explore areas of research and development that should be pursued, and summarize our results.
II. CARGO SCREENING PROBLEM FOR SNM
At MeV energies required to penetrate cargo and vehicles, it is difficult to distinguish between different elements or materials. This effect can be seen in Fig. 1 where the published [11] mass attenuation coefficients of four different 0018-9499 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. elements are plotted versus x-ray photon energy. The four elements represent components of commonly-shipped cargo such as carbon (in food, fuel, organics, explosives), aluminum (in machinery, automotive parts), iron (in engine parts, steel structures), and uranium (special nuclear materials). Below 0.1 MeV, there is significant difference in the mass attenuation coefficients of these four elements, but x-rays in this range will penetrate only small quantities of cargo. The elemental differences are less pronounced in the fewMeV range needed for cargo penetration, and this is true for virtually all commonly-shipped materials-those with effective atomic number (Z) below uranium (Z=92). Thus, highenergy radiography in the MeV range would have difficulty distinguishing materials based on x-ray attenuation as opposed to other identifiers (size, shape, radioactive emissions, etc.). A single-energy scan at the MeV level is largely an image anomaly or density detector that provides little in terms of material characterization.
At energies above 5 MeV, the effects of pair-production in higher-Z materials become prevalent, which reintroduces elemental separation as shown in Fig. 2 . Note that the crossover point from Compton scattering to pair production (where the two mass attenuation coefficients are equal) occurs at much lower energies for high-Z materials like uranium (4.44 MeV) than lower-Z materials such as iron (9.45 MeV) and tin (6.35 MeV) . Some NII systems use this property to distinguish material types [5] , [6] , [7] .
Another way to attain material characterization is to scan with multiple views as in computed tomography (CT) as well as with multiple energies. However, due to size, weight, speed and cost constraints, it is generally not feasible to perform CT on cargo. X-ray NII systems are typically limited to a single radiographic view of the container and vehicle using one or two interrogating energy spectra.
Then the problem for cargo inspection of heavy elements like shielding (lead or tungsten) and SNM (uranium or plutonium) using x-rays is to create scanners that can exploit the material separation evident in Fig. 2 . The DNDO goal is to distinguish high-Z materials (defined by DNDO and in this paper as Z ≥ 72) from low-Z materials (Z<72). Although this work is mainly concerned with detection of high-Z materials based on x-ray interactions, it should be noted that other physical phenomena can be exploited for this purpose. Examples include detection of neutrons from photoinduced fission and detection of neutrons resulting from the interaction of thermal neutrons with fissile material [12] [13] . These techniques are beyond the scope of this study.
III. HIGH-ENERGY NON-INTRUSIVE INSPECTION
High-energy (≥ 3 MeV) x-ray NII systems are designed to acquire 2D radiographic images of cargo containers and vehicles. These systems employ x-or gamma-ray sources and detectors that are either on fixed gantries (where the containers are moved through the NII system) or on mobile platforms that straddle stationary containers. In this section, we describe x-and gamma-ray sources, detectors, and NII system configurations. We mainly consider current-integrating detectors, which are commonly used in security applications. These detectors have fast temporal response and are efficient, but do not resolve the energies of the detected photons. Instead, the photon energies for x-ray NII systems are typically defined by the source, so energy-resolving detectors are not included in this study.
A. MeV X-and Gamma-ray Sources
The three types of MeV x-or gamma-ray sources that are or may become available for NII are monoenergetic, quasimonoenergetic (also referred to as Thomson, laser-Compton, or inverse-Compton scattering) and polyenergetic (broadband bremsstrahlung). A list of these sources is shown in Table I . 1) Monoenergetic: Certain radioactive isotopes emit gamma radiation in characteristic energy lines that can then be used as MeV sources. Examples are 137 Cs, which emits a gamma photon peak at 0.662 MeV, and 60 Co, which emits a doublet of gamma rays at 1.17 and 1.33 MeV. The energy bandwidths of isotopic lines are negligible for our purposes. The physical size of the source and collimator aperture determines the flux (acquisition time) and source spot size (spatial resolution). For a given spot size, the gamma-rays emitted are limited by internal absorption. While monoenergetic isotopic sources require no electrical power, they have limited half-lives and limited energy ranges that are not adjustable for the cargo inspection problem. Also, several U.S. government agencies are concerned that radioisotopic sources can be stolen and used in a radiological dispersal device [14] .
2) Quasi-monoenergetic: This type of source can be generated by Thomson scattering of an intense laser pulse from a high-energy electron beam [16] . It has not yet been commercialized and will be described in more detail in Section V-B. It is called "quasi-monoenergetic" because the bandwidth can be ∼1% of the mean energy; for radiography, bandwidths of 10-20% of the peak energy are typical. The peak energy is selectable and the source spot size can be very small (∼1 μm). The x-rays can be generated over a range of 1-100 MeV, though 3-10 MeV x-rays are most useful for cargo inspection [17] . Although other accelerators have been used, development of the Laser-Plasma Accelerator (LPA) has opened a path to deploying this technology in a compact form.
3) Polyenergetic (Broadband Bremsstrahlung):
There are a range of commercially-available X-and S-band linear accelerators, rhodotrons and betatrons that are sources of broadband (bremsstrahlung) x-rays with peak energies in the 2 to 15 MeV range. Source spot sizes are typically 1-3 millimeters. The emitted bandwidth is very large-usually with a ∼10:1 ratio between the max energy and the low-energy filter-limited cutoff. Unfortunately, as we shall see in Section V-A, most of the photons are emitted at the low end of that band, with low flux at the important higher energies, so that the mean energy is typically at the low end of the energy range. Still, due to their availability, flexibility and high photon output, broadband sources are often used in cargo inspection.
B. MeV X-and Gamma-ray Detectors
Most MeV detectors employ materials to convert x-or gamma-rays to electron-hole pairs or optical light for detection. At sufficiently low fluxes, these detectors can be operated in energy-resolving mode, where the magnitudes of electrons or individual light pulses are measured to give an indication of the energy of the individual x-or gamma-rays. At higher fluxes, these detectors are operated in energy-integrating mode since electrons or individual light pulses cannot be resolved and the resulting optical light is the sum of overlapping contributions from many x-or gamma-rays. A list of MeV x-or gamma-ray scintillators with their densities, linear attenuation coefficients, photon efficiencies and primary decay times are shown in Table II .
It is common to configure these detectors into pixelated arrays to capture as many emitted photons as possible in either fan-beam (1D linear array) or cone-beam (2D area array) systems [26] . For example, linear arrays of cadmium-tungstate scintillators with discrete silicon photodiodes are often used in current high-throughput x-ray NII systems, such as those made by Smiths Detection [27] and Rapiscan [28] . Linear arrays of sodium-iodide scintillators with photomultiplier-tube (PMT) [29] [30] and Leidos [31] - [33] are developing Cherenkov detectors coupled with PMT arrays. For area arrays, General Electric has developed a 2D GadOx scintillator coupled with an amorphous-silicon flat-panel detector [22] .
C. Commercial Systems
Several manufacturers are developing or have developed x-ray NII systems to address the overall cargo inspection problem (mainly for weapons and drug identification, and not specifically for SNM detection). These systems range from fixed-gantry to mobile systems and contain combinations of the sources and detectors listed above. In this section, we summarize a few of these systems. Unless otherwise noted, the detectors are operated in energy-integrating mode.
Leidos/SAIC developed the VACIS II gamma-ray imaging system around 1998 for the U.S. Department of Defense using 137 Cs and 60 Co isotopic sources and a vertical array of sodiumiodide detectors [32] [33] . Sources and detectors that scan in concert along the container and vehicle length were placed on tracks surrounding the cargo conveyance. Vertical collimators define a vertical fan beam that illuminates the container. Leidos has since built both moving and fixed VACIS-type systems using linear accelerators.
Smiths Detection has built both stationary drive-through and mobile NII systems since 2003 for DHS [27] . The Smiths HCVP 6030 drive-through system uses a 4-or 6-MeV Linatron (not interlaced on a pulse-by-pulse basis) and a linear array of cadmium-tungstate detectors. An example 6-MeV radiograph from their HCVP 6030 system is shown in Fig. 3 .
Rapiscan has developed a truck-mounted NII system called the Mobile Eagle 60-DE [28] that uses a 4/6 MeV (interlaced) Linatron source and a linear array of cadmium-tungstate detectors with silicon photodiode readout. It was developed around 2010 and can scan in drive-by (mobile) or drivethrough (stationary) modes.
Passport is developing a prototype NII system for the DHS Nuclear and Radiological Imaging Platform (NRIP) program that uses a 9-MeV Rhodotron source above the container collimated to a parallel pencil beam and two transmission cadmium-tungstate detectors below the container and many sodium-iodide backscatter detectors along the side of the container [13] . The transmission detectors are operated in energyintegrating mode and the backscatter detectors are operated in energy-resolving mode. They reconstruct the backscatter signal into a 3D volume and fuse the data from transmission, prompt neutron photo-fission and passive monitors to improve detection. An example overhead radiograph from their NRIP system is shown in Fig. 4 .
The above radiography NII systems show the diversity of design approaches in cargo inspection.
IV. POLYENERGETIC DUAL-ENERGY MEASUREMENTS
As mentioned in Sections II and III, and presented by others [1] - [7] , scanning a container at two (or more) different energies could improve Z ≥ 72 material discrimination capabilities of x-ray NII over a single-energy scan. To measure this effect, we performed an experiment at our laboratory using polyenergetic dual-energy MeV x-rays [34] . The experimental results to detect materials with Z ≥ 72 are presented in this section.
Using a Varian M9 energy-selectable (5.4 or 9.6 MeV) linear accelerator and a cadmium-tungstate (CdWO 4 ) photodiode linear detector array with 4-mm pixel pitch, we individually scanned a series of single-element specimens. The specimens were either fabricated or procured and made of iron (Z=26), tin (Z=50), tungsten (Z=74), lead (Z=82), depleted uranium (DU), highly-enriched uranium (HEU) (Z=92) and Measured and simulated linear-attenuation-coefficient ratios of 5.4 MeV to 9.6 MeV (peak energy) for various elements by atomic number. Higher-Z materials (Z ≥ 72) are distinguished by lower attenuation ratios. The measured uranium (U) contains both depleted and highly-enriched uranium. One-sigma error bars are drawn for the measured data.
plutonium (Z=94). The specimens were chosen to have highpurity (composed of >99.99% of a single element), and were cylinders of 2.6-cm outside diameter with lengths adjusted to present an areal density of 73.4 g/cm 2 viewed along the cylindrical axis. The dual-energy ratios of on-axis attenuation measurements with one-sigma error bars are shown in Fig. 5 . We also simulated (open circles) the attenuation of these specimens as well as aluminum (Z=13), titanium (Z=22), molybdenum (Z=42), and samarium (Z=62).
For the 2D radiographs taken at each energy and for each specimen, the linear attenuation coefficient at each (x,y) pixel position was calculated by the standard Beer-Lambert law
where (x,y) is the measured irradiance with a specimen and 0 (x,y) is the measured irradiance with no specimen (or incident irradiance). Fig. 5 shows the average (and onesigma range) of the ratios of attenuation coefficients at low-(μ l , at 5.4 MeV peak energy) to high-energy (μ h , at 9.6 MeV peak energy). This ratio has been used to represent an effective atomic number so that the "High-Z / Low-Z threshold" drawn on the graph provides a detection criterion for materials with Z ≥ 72. Note that even with very pure specimens and careful data collection in the lab without cargo (i.e., clutter), the material contrast measured by this method is limited.
V. MEV DUAL-ENERGY X-RAY SOURCE TRADEOFFS
Having shown that dual-energy NII may be advantageous for cargo inspection, we now compare the two types of MeV x-ray sources introduced in Section III-A that can be configured for dual-energy scanning. Throughout our comparison analyses, we model the cargo container and its contents as the equivalent of 20-cm of iron dispersed uniformly throughout the container volume. This amount of iron is chosen because, in previous NII measurements at 6 MeV [35] , roughly 75% of cargos entering the U.S. exhibit x-ray attenuation that is less than or equivalent to 20 cm of steel. Schematic of a polyenergetic dual-energy x-ray source using interlaced electron-beam energies impinging on a tungsten target. 
A. Polyenergetic Dual-energy (PDE) MeV X-ray Sources
Current MeV x-ray systems for dual-energy NII use the polyenergetic sources listed in Table 1 . An example is shown schematically for a linear accelerator (linac) in Fig. 6 . A pulsed high-energy (∼MeV) electron beam generated by the linac impinges on a tungsten target to produce a cone-beam of x-ray photons with a bremsstrahlung spectrum. The photons are then collimated into a vertical fan and passed through the container to arrive at a linear detector array. The stream of linac pulses can be alternated between the two peak energies, providing rapid switching of the spectra. The 6-and 9-MeV peak energies were chosen in this example to provide spectral separation while maintaining sufficient penetration (at 6 MeV for the low-energy spectrum) and minimizing neutron production and radiological activation, which become significant above 10 MeV.
The MCNP6-calculated spectra [36] emitted by such a source and transmitted through a 1-cm tungsten beamhardening filter are shown in Fig. 7 . The irradiance of the unfiltered 6-MeV spectrum was adjusted to provide on-axis dose rates in silicon of 800 Rad/min at one meter by setting the electron-beam current to 150 μA. The 9-MeV spectrum was set to 100 μA in order to provide the same power to the tungsten target. As shown in Fig. 7 , low-energy photons dominate the output bremsstrahlung spectra, but contribute little Z ≥ 72 material-selectivity information. Very few of the higher-penetrating high-energy photons are emitted, and for this reason we can expect that a dual-energy NII system using this type of x-ray source will produce a limited Z ≥ 72 material selectivity. Most NII systems with PDE sources use vertical fanbeam collimation so that either the truck or the NII system moves along the container length to produce a 2D radiograph. This configuration is an efficient way to scan the container; however, scatter from the fan-beam into the detector array can degrade image contrast as we shall see in Section V-D.
B. Quasi-Monoenergetic X-ray Source (QMXS)
A prospective dual-energy MeV x-ray source technology known as a quasi-monoenergetic x-ray source (QMXS) [16] , [37] - [40] driven by a small-scale LPA is illustrated schematically in Fig. 8 . In a compact package, the LPA uses a spacecharge wave driven by the radiation pressure of an intense laser to accelerate electrons to GeV energies. While other accelerator technologies can produce GeV electron beams, the compactness of the LPA provides easier deployment for cargo scanning. Improved control of the LPA, including plasma guiding, has increased photon production efficiency to the point where a compact photon source is practical. The interaction of the scattering laser with the electron beam, sometimes called Thomson or inverse-Compton scattering, provides a tunable, narrow-divergence quasi-monoenergetic MeV x-ray source. The x-ray bandwidth is set by collimating the x-ray source (∼0.001-mm diameter). For 3-to 9-MeV x-rays, ∼1.0 milliradians of divergence (equivalent to a 1-cm sourcespot size measured 10 meters downrange) provides bandwidths appropriate for dual-energy radiography.
Using published specifications [16] , an LPA with a 1.5-eV scattering laser could be configured to generate either 410-MeV electrons, which would emit on-axis 3.5-MeV x-rays, or 660-MeV electrons, which would emit 9.0-MeV x-rays. For our model of the dual-energy cargo inspection application, we selected the higher QMXS spectral band to be at 9 MeV for comparison with PDE (and to avoid neutron production and radiological activation issues that can occur above 10 MeV). We chose 3.5 MeV for the low-energy spectrum in order to achieve reasonable penetration (∼0.5% transmission) of a 20-cm iron effective attenuation for cargo while maintaining a distinguishable low/high-energy contrast between tungsten and tin. A fixed collimator (±0.0004 rad) provides a spectral bandwidth of approximately ±9% and 23% at 3.5 and 9 MeV, respectively, as described in [16] .
It is important to note that the intent of our calculations is to explore the potential for this developing technology. There are order-of-magnitude uncertainties in achievable first-order parameters such as the maximum laser pulse rate and number of x-rays scattered into each pulse. The maximum achievable flux and, in particular, pulse rate will be critical for the QMXS to achieve viability as a primary scan technology. Technological projections show that a QMXS source could produce 10 6 -10 8 collimated x-ray photons per pulse at a maximum pulse rate up to tens of kHz [16] . The scattering-laser energy would be ∼1.5 eV. Given the assumed model of a 40-foot ISO container scanned in 60 seconds with a 5-mm grid spacing at mid-container (1.5 megapixels; consistent with the coarser of the DHS CAARS spatial-resolution requirements [41] ) would require a 50-kHz pulse rate with two spectral samples per pixel. A conceptual design tradeoff could include reducing the image sampling to a 1-cm grid and extending the scan time to 75 seconds; this tradeoff would reduce this pulse-rate to a more viable 10 kHz.
C. Comparison of PDE and QMXS
To compare the PDE and QMXS sources for dual-energy x-ray NII of cargo for Z ≥ 72, we simulated NII systems with the source spectra and parameters from the previous two sections. We calculated the point-to-point, i.e., straight-ray (not Monte Carlo), total-narrow-beam-absorption transmission as measured by a 3-cm-thick CdWO 4 scintillator detector with a 1-cm 2 area placed 10 meters from the source. The spectra were attenuated by the "simulated cargo equivalent" of 20-cm of iron distributed through the container volume. The integrated detector response was approximated by an even mix of the total-absorption and energy-absorption coefficients. X-ray absorption coefficients were extracted from the EPDL database [42] . The transmission results are listed in Table III . The PDE bremsstrahlung source is modeled as a linac that emits 800-R/min (6 MeV) or 3000-R/min (9 MeV) at one meter, to which is added one cm of tungsten filtration. The QMXS output is modeled as a collimated 1-kHz x-ray pulse that emits 10 8 x-rays/pulse before collimation-the upper end of the currently projected QMXS technology. Recall that the QMXS illuminates only a single pixel at a time whereas PDE illuminates all pixels in the plane of its fan beam. Hence, to compare the two, the per-pixel transmitted x-rays for PDE are multiplied in the third row of Table III by the number of fanbeam pixels, which we nominally set to 1000. The mean transmitted energies of the PDE (last row in Table III , particularly for 9 MeV) are lower than those of the QMXS; the higher QMXS 9-MeV mean energy provides greater cargo penetration. Also, because the QMXS has a narrow and precisely-placed spectrum it can provide better selectivity between low-Z and high-Z materials. Finally, the QMXS pencil beam exposes one image pixel at a time, reducing image scatter, but will require an extremely high pulse rate and precise raster control to scan an entire container in a reasonable amount of time. PDE provides simultaneous exposure across a fan-beam for faster throughput at the expense of lower selectivity and more scatter.
Ignoring the scan-time and imaging noise considerations for the moment (i.e., assuming sufficient transmitted flux), we explored how well the two spectral pairs would discriminate materials. With the simulated cargo (20-cm of iron) still in place, we asked if, assuming negligible measurement uncertainty, there would be strong enough differences between the low-and high-energy attenuation by four selected test plates to discriminate between them. In other words, how do the x-ray cross-sections differ for the four selected materials between the PDE and QMXS spectral pairs given in Table III .
We chose test plates of iron (Z=26), tin (Z=50), tungsten (Z=74) and uranium (Z=92), where the thickness of each (non-uranium) test plate was adjusted such that its transmission for the low-energy spectrum would be identical to that of a 5-mm uranium test plate. We calculated the spectrally-averaged absorption cross-sections of each test plate for the four spectra in Table III . The ratios of the averaged low-energy (σ l ) over high-energy (σ h ) cross sections are shown in Fig. 9 . We can see that, using only the differences in dual-energy absorption-cross-section ratios and assuming equivalent photon-counting statistics, an NII system based on QMXS should provide superior high-Z (e.g., uranium) material contrast, relative to Fe and Sn, than would PDE sources.
The contrast between the cross-section ratios of the highest-Z elements (W and U) is small for both types of sources. QMXS provides better distinction between W and U and the lower-Z elements (Fe and Sn) than does PDE. Plotting the differences of each cross-section ratio to those of uranium (in percent in Fig. 10 ) shows the greater QMXS contrast for iron (28% vs. 6% for PDE) and tin (8% vs. 2% for PDE), roughly a 4X improvement. Now we can look at x-ray transmission for the specific measurement scenarios including scan-time and signal intensity. Dual-energy imaging identifies elemental composition by the difference in x-ray absorption at different energies. At high energies (>5 MeV), high-atomic-number elements have increased absorption due to increased pair-production interactions in the material. In a two-dimensional transmission image, since the thickness of the object is not evident, material discrimination is done by comparing the absorption between low and high energies for each co-aligned ray (pixel).
The x-ray transmission through an object is the unitless ratio of the transmitted (attenuated) signal, N, to the incident (baseline) signal, N 0 , as follows:
which shows the transmission dependence on the atomic number, Z , and the x-ray spectrum S x (which may be monochromatic or a continuum of energies). The radiographic thickness is the spectrally-weighted linear attenuation coefficient μ from (1) times the material thickness L. We will refer to that radiographic thickness as the combined variable μL
Then, for a given spectrum, a material can be identified by the ratio of the low-and high-energy radiographic thicknesses (assuming the cargo is not so thick as to completely attenuate the incident beam)
Here the subscripts L and H denote the low-and high-energy spectra, respectively. The question of whether a system has the contrast to discriminate between two materials is equivalent to determining whether the measured R μL of the two materials is greater than the imaging noise. Note that even if a system has adequate contrast, the presence of clutter or scatter or misregistration in the images could still interfere with the accurate material discrimination. For our simulations, we used the test plates of iron (Z=26), tin (Z=50), tungsten (Z=74) and uranium (Z=92) as discussed previously. Table IV provides the results for the PDE and QMXS straight-ray simulations. This table combines the spectral and transmission properties of the simulated systems (Section V-C, Table III) with the material properties in Figs. 9 and 10, and a specific measurement scenario. Specifically, we test whether a 5-mm-thick plate of uranium can be discriminated from either tin or tungsten plates whose thicknesses are set such that their transmission of the lowenergy spectrum equals that of the uranium plate as described in Section V-C. Again, the cargo attenuation, including the container, is modeled as 20-cm of iron. The PDE system is modeled to scan at a rate that would image a 40-foot container in 60 s (each column measured with equal time for the 6 and 9 MeV spectra). The QMXS system is modeled to measure the transmissions at each pixel with two pulses (one each at 3.5 and 9 MeV), and its projected un-collimated fluence is 10 6 x-rays/pulse-at the low end of the projected performance. (Note: Table III used 10 8 x-rays/pulse.) The scan time for QMXS will depend on the achievable pulse rate and raster speed, which will be discussed later.
The Figure- of-Merit (FOM) in the last two rows of Table IV is defined by The FOMs in Table IV are for single-pixel straight-ray simulation. One would want the FOM to be on the order of five standard deviations or greater to distinguish high-from low-Z materials; 5-σ is consistent with the Rose criterion [44] . Thus, a simulated single-pixel straight-ray transmission difference between Sn and U for QMXS is quite significant. However, for PDE Sn/U discrimination or for QMXS W/U discrimination is more difficult. QMXS shows an advantage in material discrimination over PDE, even with the conservative assumption of 10 6 x-rays/pulse.
D. Scatter Effects on MeV X-ray Sources
An important issue that is not addressed in the analysis above is the effect of scatter from intervening materials on the x-ray measurements. The collimated PDE fan-beam illuminates a slice of material within the cargo. Each detector thus sees scatter from the directly illuminated volume as defined by the intersecting fields-of-view of the source and detector collimators.
Alternatively, the QMXS source illuminates only a pencilbeam of material between the source and a detector element. Scatter in QMXS images will thus be much less than in PDE images because the volume of material directly illuminated by the source is much smaller. Another way to view this effect is that, in PDE images, the detector is able to "see" a significant volume of illuminated cargo outside of the direct path between source and a detector element, which will include scattered x-rays from that volume.
The question then is: To what degree is the contrast in PDE images reduced by scatter from its larger illuminated volume? To quantify the contribution of scatter to the PDE images, we performed Monte-Carlo (MCNP6 [36] ) simulations of a PDE system that closely matches the parameters described above. For the simulation, the PDE source emitted a fan-beam that included the irradiance (but not energy) fall-off with angular distance from the central ray exhibited by MeV transmissiontarget sources. The simulated detector subsystem was a 23-element array of 3-cm-thick cadmium-tungstate scintillator detectors with a 0.8-cm 2 area placed 10 meters from the source. The detectors were used in a charge-integrating mode; their response was included in the simulation. The 1-cm-wide scintillator elements were separated by 0.2-cm thick tungsten septa, reducing their vertical extent to 0.8-cm. A simulated cargo (20 cm of iron) was included, with 4.5-cm ×5.0-cm test plates centered on the source axis and on the vertical central plane of the simulated cargo. The thicknesses of the test plates were identical to those described in subsection C above.
The width of the x-ray fan-beam, which limits first-order scatter into the detectors, was set at ±1.5 milliradians, while the detector collimation in the horizontal plane, which limits first-and second-order scatter, was set at ±83 milliradians.
MCNP6 was used to simulate an x-ray fan beam through the container (with simulated 20-cm-iron cargo), including either the iron, tin or uranium test plates for the 6-and 9-MeV PDE spectra. These same simulations were also run in a "no-cargoscatter" mode, with a filter of 20-cm of iron being used to harden the source spectrum as it exited the source collimator. This left only the source, the detectors, the collimation, and the test plate as scatter sources. The simulated transmission results were used to calculate a ratio of the mean transmission of points covered by the test plate relative to those not covered by the test plate, with and without the cargo/container scatter. We can add scatter to (2) by assuming that scatter from the cargo, which is in general directionally diffuse, contributes equally to the baseline, N 0 , and to the attenuated signal, N, as follows:
where a s is the scatter component, which is also dependent on Z and S x . Using this model, we find that the scatter in the simulated data equals about 7% of the signal that does not pass through the test plate (N 0 ). Another question is: to what degree are the PDE R μL values impacted by scatter? The R μL scatter values for tin and uranium are increased. It is interesting to note that, with scatter, the difference in R μL values for tin and uranium increase over their no-scatter values. Meanwhile, the contrast between tin and iron is decreased. The dependence of the R μL values on scatter interferes with the use of these ratios to discriminate between low-and high-Z materials such as tin and uranium. For example, if in a single container there are tin and uranium in low-and high-scatter environments, respectively, then their signatures are harder to distinguish. Furthermore, these were not thick plates; increasing the plate thicknesses will decrease the transmission through the test plates, and scatter will have a much greater impact.
QMXS yields better contrast due to better absorption ratios and reduced scatter as long as it employs at least as many imaging x-rays per second as PDE. For example, from Table IV, we can see that, even at the lower end of the projected performance parameters (10 6 x-rays per un-collimated pulse), QMXS would retain a signal-level advantage, a material-contrast advantage and reduced image scatter. However, if 5-mm grid spacing is needed, the QMXS would have to raster at a data rate of 50,000 pixels/second to scan a 40-foot container in one minute-an optimistic estimate of currently-projected performance. If the high pulse rate and rapid raster-scanning cannot be achieved, QMXS would be limited to low-throughput applications, or as a secondary inspection mode. Relaxing the pixel-size and scantime requirements would reduce the pulse-rate requirement; the requisite pulse rate will be critical to the practicability of the QMXS technology. As noted throughout, the performance specifications for QMXS are developmental goals, and the intent of this analysis is to show the implications if those goals are met. Another important topic we have not addressed is the radiological shielding requirement for the QMXS source. With the peak electron energies (∼660 MeV) required to produce a 9-MeV x-ray beam, this requirement will be a difficult challenge.
VI. FUTURE WORK
As MeV x-ray source and detector technology continues to be developed, there are several active areas of research and development that will need to continue in support of cargo inspection. A clear concept of operations of a QMXS-based NII system will help to identify gaps in this technology to be addressed. It may be beneficial to evaluate the potential of a combined QMXS and PDE system for discriminating threats. For example, QMXS could be more of a secondary screening technology for particularly dense loads, which could prevent the expense of manually unpacking the container to resolve potential threats. Additional Monte-Carlo transport analysis would provide a more complete comparison of the impact of scatter and noise on the two source models. Such models should be verified with empirical measurements. An additional concern to be addressed is whether the lower-energy photons in the PDE spectra would provide more contrast over QMXS for low-Z materials such as drugs and explosives in less-dense cargo applications.
VII. SUMMARY
Thorough inspection of cargo containers for high-Z (Z ≥ 72) shielding and nuclear threats is a difficult task. Several different x-ray sources and detectors are currently being researched, developed and deployed for NII imaging, but with little material contrast capability. Dual-energy MeV x-ray NII is a promising technology to meet the DHS inspection needs, at least for distinguishing Z ≥ 72 from Z < 72, but additional work is needed.
Quasi-monoenergetic MeV x-ray sources represent an emerging technology that may improve material selectivity when they become operational. The QMXS has a narrower spectrum and can operate at higher mean-energies, providing greater cargo penetration and contrast. Straight-ray simulations show a factor of four increases in contrast for QMXS over PDE scans of tin (Z=50) and iron (Z=26) relative to uranium (Z=92) behind a uniform cargo modeled by 20 cm of iron. Since QMXS illuminates a single pixel at a time, image scatter is essentially eliminated. These results suggest that QMXS may improve cargo inspection performance.
